At both weld ing and hard fac ing of low-al loyed and con struc tional steels, es pe cially tem pered ones, it is not suf fi cient to de ter mine the tech no log i cal pa ram e ters only, but also to take into ac count the in flu ence of heat in put on the heat af fected zone (HAZ). The in flu ence of tem per a ture cy cle on hard ness in crease is con sid ered firstly, but change of me chan i cal prop erties, susceptability to crack ing, i. e. the ap pear ance of un fa vour able struc tures, re sid ual stresses and strains should be con sid ered as well, all re lated with tem per a ture field around the heat source and tem per a ture change rate from 800 to 500 °C.
In tro duc tion
At both weld ing and hard fac ing of low-al loyed and con struc tional steels, es pe cially tem pered ones, it is not suf fi cient to de ter mine the tech no log i cal pa ram e ters only, but also to take into ac count the in flu ence of heat in put on the heat af fected zone (HAZ). The in flu ence of tem per a ture cy cle on hard ness in crease is con sid ered firstly, but change of me chan i cal prop erties, susceptability to crack ing, i. e. the ap pear ance of un fa vour able struc tures, re sid ual stresses and strains should be con sid ered as well, all re lated with tem per a ture field around the heat source and tem per a ture change rate from 800 to 500 °C.
Since the cool ing rate is vari able and de creases with the tem per a ture de crease, the cool ing time from 800 to 500 °C (t 8/5 ) is taken as the pa ram e ter, which best char ac ter izes cool ing con di tions of the HAZ, with re spect to the low est sta bil ity of the aus ten ite. Types of struc tural trans for ma tions and prop er ties of the HAZ de pend to the great est ex tent on the max i mum reached tem per a ture (T max. ) at cer tain zones of the HAZ and time t 8/5 . The layer of the HAZ, which is in the im me di ate vi cin ity of the hard faced layer, reaches the high est cool ing rate, which causes the high est hard ness and prone ness to cold cracks, and the low est tough ness. That is why the most un fa vour able prop er ties of the HAZ are de ter mined by tak ing into ac count the tem per a ture cy cle be low the hard faced layer.
In or der to de ter mine the cool ing time from t 8/5 dif fer ent meth ods are avail able, in cluding an a lyt i cal, nu mer i cal and ex per i men tal ones. In this pa per sev eral an a lyt i cal meth ods have been ap plied, the fi nite el e ment anal y sis as the most suit able nu mer i cal method and mea surement of tem per a ture by thermocouples in or der to get the com plete over view of the prob lem hard fac ing of forg ing dies. Start ing point is in any case, the heat con duc tion anal y sis.
Ba sic equa tions of heat con duc tion
The prob lem of heat con duc tion is pre sented here briefly. Start ing point is the equi librium equa tion:
where dQ and dU rep re sent changes of heat and in ter nal en ergy in vol ume dV in time in ter val dt. Con duc tion of heat through solid bod ies is de fined by Fou rier's Law:
, , 1 2 3 no sum on (2) where q j is the spe cific heat flux, k j -the con duc tion co ef fi cient, and ¶T/ ¶x j the tem per a ture gradi ent at di rec tion x j . By sim ple al ge bra one gets the fol low ing dif fer en tial equa tion:
where r is the ma te rial den sity, c -the spe cific heat at con stant pres sure, and q -the vol u met ric heat source. Gen eral so lu tion of dif fer en tial equa tion of the heat con duc tion con tains un de fined func tions and con stants [1, 2] . The so lu tion of tem per a ture field T(x 1 , x 2 , x 3 , t) = T(x, y, z, t), must sat isfy given ini tial and bound ary con di tions. The ini tial con di tions de fine the dis tri bu tion of tem per a tures at ini tial mo ment, t = 0:
The bound ary con di tions in gen eral case are: -pre scribed tem per a ture on
-pre scribed con vec tion on S 3
where S 1 , S 2 , S 3 , and S 4 are parts of sur face, T s is the tem per a ture on the sur face, q n , q h , and q r are fluxes through sur face, T 0 is the tem per a ture of the sur round ings, h -the trans fer co ef fi cient, h rthe ra di a tion co ef fi cient, and T r -the tem per a ture of ra di a tion source.
An a lyt i cal, em pir i cal, experimantal, and nu mer i cal de ter min ing of the cool ing time (t 8/5 )
The cool ing time can most ac cu rately be de ter mined ex per i men tally from the measured tem per a ture cy cle curve, or with some what lesser or greater ac cu racy, based on an a lyt i cal, em pir i cal or nu mer i cal cal cu la tion of tem per a ture cy cles.
Rikalin's an a lyt i cal method
When de ter min ing tem per a ture fields in weld ing, dif fer en tial eq. (3) can be trans formed and ad justed to given con di tions. That re fers to var i ous thick nesses of plates (thin or thick) and heat sources (mov ing or static) [3] [4] [5] [6] [7] [8] [9] . In this pa per the hard fac ing is rep re sented by the case of the semi-in fi nite body and the mov ing heat source with the con stant ve loc ity v ( fig. 1 ).
The tem per a ture dis tri bu tion in the case of the source which is mov ing with high veloc ity v along the co or di nate x = vt, is given as:
where r = (x 2 + y 2 + z 2 ) 1/2 is the ra dius, a = k/cpthe co ef fi cient of ther mal diffusivity, q -the effec tive power of the arc (q = UIh), and h -the heat ef fi ciency ra tio.
In the case of a thick plate ex pres sion (5) is trans formed into the fol low ing form:
In the case of a thin plate ( fig. 2 ), the tem pera ture dis tri bu tion is cal cu lated ac cord ing to: 
where
, is the in put heat, b = 2h/csr -the con stant which de fines the heat trans ferred to en vi ron ment [3, 6, 8, 9] , and h is the co ef fi cient of the heat trans fer. In cal cu lat ing the tem per a ture fields and tem per a ture cy cles, ac cord ing to Rikalin's ex pres sions [14] , the com pu ta tional soft ware was ap plied (Matlab, Statistica), and for pro cessing of re sults the pro gram ming lan guages (For tran and Pascal), were used. By ap pli ca tion of the ex pres sions (5-7) the tem per a ture cy cles were cal cu lated for the cor re spond ing in put heat and some points be low the hard faced layer. Re sults are pre sented in figs. 3 and 4. All data used for cal cu la tion is given in figs. 3 and 4.
Cal cu la tion of cool ing time (t 8/5 ) on the ba sis of em pir i cal for mu las
Out of many em pir i cal for mu lae for cal cu la tion of cool ing time (t 8/5 ), those based on the lim it ing sheet thick ness and so-called Jap a nese au thors' for mula [11] are the most fre quently used.
Cal cu la tion of t 8/5 based on lim it ing sheet thick ness, t 8/5 = f(s gr )
Lim it ing thick ness, or the tran si tion thick ness be tween the thin and thick sheets was adopted by chang ing the way of the heat trans fer from two-to three-di men sional. Two-di mensional heat trans fer is re lated to thin sheets; it is as sumed that the tem per a ture is con stant over the whole thick ness of the hard faced part ( ¶T/ ¶z = 0). On the con trary, for thick sheets the temper a ture also var ies over the thick ness ( ¶T/ ¶z ¹ 0). The lim it ing thick ness is de ter mined ac cording to ex pres sions:
Ex pres sion (8) shows that, for the given base metal, the lim it ing thick ness de pends on the in put heat, type of the welded joint and ini tial tem per a ture of the hard faced parts. The time, t 8/5 , is given by the fol low ing ex pres sion:
-for thin sheets (s £ s gr ) t q N cs T T 
where N 2 , and N 3 are fac tors of the joint shape [7, [11] [12] [13] [14] and T 0 is the ini tial or the pre heat ing tem per a ture (T p ). Thermo-phys i cal con stants de pend on the ma te rial and vary with tem per a ture. They could be adopted, with suf fi cient ac cu racy, for the av er age value of the tem per a ture in terval 800 to 500 °C, i. e., for 650 °C. The fac tors of the joint shape serve for cor rec tion, where the known em pir i cal fact that cool ing rate of the welded joint de pends on both the thick ness and on the type of the welded joint, is taken into ac count. For the case of hard fac ing these fac tors are con sid ered to be equal to 1 (N 2 = N 3 = 1).
Cal cu la tion of the cool ing time t 8/5 based on the Jap a nese au thors' for mula •11•
Ac cord ing to those au thors the fol low ing for mula is used: 
The other data, nec es sary for cal cu la tion of the cool ing time t 8/5 are given in [3, 7, 11, 13, 14] .
Ex per i men tal de ter mi na tion of tem per a ture cy cles in hard fac ing

Tem per a ture cy cles in hard fac ing of steels op er at ing at el e vated tem per a tures -^5742
In or der to de ter mine the cool ing rate as ac cu rately as pos si ble, the spe cial platesmod els were pre pared [3] . Plates were tem pered and the cor re spond ing holes for tem per a ture mea sure ments were drilled. Tem per a tures were mea sured by thermocouples (from the class of the K, NiCr-NiAl type, with di am e ter of 0.24 and 0.4 mm) [3] .
In tabs. 1 and 2 ex per i men tally ob tained re sults are shown, com pared with cal cu lated ones, for dif fer ent val ues of in put heat, with and with out pre heat ing. In hard fac ing of thin plates, s = 7.4 mm, the hard fac ing pa ram e ters were within the fol low ing ranges: in put heat, q l = = 9663-16911 J/cm, hard fac ing ve loc ity, v z = 0.238-0.136 cm/s, and pre heat ing tem per a ture, T p = = 20-280 ºC (filler metal -UTOP 38; Ø3.25 mm) [3, 10] . In hard fac ing of thick plates, s = 29 mm, the pa ram e ters were within the fol low ing ranges: q l = 16500-32738J/cm, v z = 0.258-0.130 cm/s and T p = 20-355 ºC (UTOP 55; Ø5.0 mm) [3, 10] . Com par i son of the re sults is also shown in figs. 5 and 6, and the char ac ter is tic form of the tem per a ture cy cles, ob tained ex per i men tally, in fig. 7 . 
Nu mer i cal method (FEM) of de ter min ing the cool ing time t 8/5
On the ba sis of of equi lib rium equa tion for heat con duc tion (3), the fol low ing can be writ ten:
where h l are in ter po la tion func tions for the fi nite el e ment. Tem per a ture T in el e ment is given as:
where H is the ma trix of in ter po la tion func tions and T -col umn matrix of tem per a tures in nodes. The fol low ing eq. (14) rep re sents the equa tion of en ergy bal ance of fi nite el e ment in the case of 3-D non-sta tion ary heat con duc tion.
where ma tri ces C and K and col umn matrix Q are de ter mined as:
By us ing the sur face in ter po la tion row ma trix H s , the proper ma tri ces and col umn matri ces can be writ ten in te fol low ing form in eqs. (16) and (17): 
Cal cu la tion of cool ing time t 8/5 For an a lyz ing the cool ing time t 8/5 , the two space (3-D) mod els were formed (one for the thin, s = 7.4 mm and the other one for thick the sheet met als, s = 29 mm), which are based on the ap pli ca tion of fi nite el e ments method (FEM). Since the prob lem is plane-sym met ri cal, it is suf fi cient to con sider only one half of the model.
For mod el ing of sheet met als, the mesh of eight-node 3-D fi nite el e ments was used. For the thin sheet metal, the mesh of 25476 nodes and 20160 el e ments was de vel oped, while for the thick sheet metal the mesh of 41184 nodes and 35805 el e ments was formed. It should be pointed out that, in an a lyt i cal cal cu la tions, the dif fer ence be tween thin and thick sheet met als is that for thin sheet met als, two-di rec tional heat con vey ance is pre sumed, i. e. ¶T/ ¶s = 0 is adopted, while for thick sheet met als, the change of tem per a ture with thick ness is taken into con sid er ation as well, i. e. ¶T/ ¶s ¹ 0. In both cases, real pre heat ing tem per a ture is em ployed, and the ther mal prop er ties, namely the con duc tiv ity, k, and the prod uct of spe cific heat, c p , and the ma te rial den sity, r, are taken as av er age value in the tem per a ture range of 20-700 °C (k = = 36 W/m°C, c p r = 4898556 J/m 3°C ) [5, 15] . Heat is con veyed to sheet metal ma te rial ac cord ing to Gauss' dis tri bu tion and is given as:
where q 2m is the flux at point r = 0, k = 3 is the con stant, and r is the ra dius of heat ef fects [5, 6, 9, 16] . For the so lu tion of this prob lem, it was nec es sary to make a spe cial programme which would pro vide the given dis tri bu tion of flux per el e ments with main tain ing the pre vi ously mentioned dis tri bu tion. There fore, the heat quan tity con veyed from elec tric arc must be dis trib uted per el e ments in ra dius r, the di rec tion of which cor re sponds to pro jec tion of elec trode tip on hard faced part.
Re sults of cal cu la tion of cool ing time
The ob tained re sults are pre sented in figs. 8 to 11 as tem per a ture cy cles, used to de ter mine cool ing time, and in figs. 12 and 13 as tem per ature fields.
In two-di men sional figs. 12 and 13 tem per ature fields from which tem per a tures can be read off are given around mov ing source. The knowl edge about these dis tri bu tions is highly sig nif i cant for de ter min ing ma te rial prop er ties in those zones which are ex posed to the in fluence of heat in put.
Dis cus sion and conclusions
Typ i cal re sults for the pa ram e ter t 8/5 are shown in tabs. 4 and 5, taken from tabs. 1 and 2 as given for the op ti mal weld ing pa ram e ters, and in clud ing the FEM re sults for the same in put data. By com par ing the re sults shown in tabs. 4 and 5, the ma jor (in tol er a ble) dif fer ences are observed be tween the cool ing time cal cu lated ac cord ing to for mula t 8/5 = f(s gr ) and ex per i men tal results. The best con for mity with ex per i men tal re sults is achieved by nu mer i cal method and formula of Jap a nese au thors. This con clu sion re fers to hard fac ing of the flat sheets, while other forms of hard faced sur faces are yet to be an a lyzed. Based on the pre sented re sults, one can con clude that the fi nite el e ment method provides the best con for mity with the ex per i ment and among em pir i cal for mu las the same goes for the ex pres sion of Jap a nese au thors, for the case of hard fac ing of pla nar and pris matic parts. By ap ply ing the spec i fied in for ma tion, the cool ing time in crit i cal tem per a ture in ter val can be de termined with suf fi cient ac cu racy, with out the com plex and ex pen sive ex per i men tal pro ce dure.
